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Description 
Bi-directional Signal Interface 

Cross Reference to Related Applications 

[0001] This application claims priority to U.S. patent application 
serial number 60/488,748, filed on July 14, 2003, entitled 
"Bi-directional Antenna Interface and Optical Link with 
Low Intrinsic Noise Figure," the entire disclosure of which 
is incorporated herein by reference. 
Background of Invention 

[0002] This invention relates generally to signal interfaces, such 
as antenna signal interfaces, that perform both transmit 
and receive functions. An antenna is a conductive struc- 
ture that can carry an electrical current. Antennas can be 
used to transmit and receive electromagnetic waves. If a 
time varying electrical current is electrically coupled to an 
antenna, the antenna will radiate an electromagnetic 
wave. If a time-varying electromagnetic field is received 
by an antenna, the antenna will generate a time varying 
electrical current. 



[0003] Signal interfaces are used to efficiently transfer power. For 
example, an antenna signal interface is used to efficiently 
transfer power between an antenna and transmit and/or 
receive electronics. A transmitter antenna interface is de- 
signed to transfer power efficiently from a transmission 
line that electrically couples a transmitter to the antenna. 
A receiver antenna interface is designed to transfer power 
efficiently from the antenna to a transmission line that is 
electrically coupled to a receiver. A transceiver antenna 
interface is a bi-directional interface that is designed to 
transfer power efficiently from a transmission line that is 
electrically coupled to a transmitter to the antenna and 
also is designed to transfer power efficiently from the an- 
tenna to a transmission line that is electrically coupled to 
a receiver. 
Brief Description of Drawings 

[0004] FIG. lA illustrates a general bi-directional signal interface 

that is known in the art. 
[0005] FIG. IB illustrates a known bi-directional signal interface 

that includes an electronic circulator. 
[0006] FIG. IC illustrates a known bi-directional signal interface 

that includes a switch. 
[0007] FIG. 2A illustrates a bi-directional signal interface accord- 



ing to the present invention. 
[0008] FIG. 2B presents a table that illustrates the electromag- 
netic coupling between pairs of ports of the bi-directional 
signal interface of FIG. 2A and how that coupling is 
achieved. 

[0009] FIG. 3A illustrates one embodiment of an electronic bi- 
directional antenna interface according to the present in- 
vention. 

[0010] FIG. 3B illustrates another embodiment of an electronic 
bi-directional antenna interface according to the present 
invention. 

[0011] FIG. 4A illustrates an electro-optic bi-directional antenna 
interface according to the present invention that provides 
full-duplex operation. 

[0012] FIG. 4B illustrates an electro-optic bi-directional antenna 
interface according to the present invention that provides 
half-duplex operation with relatively high transmit-re- 
ceive port isolation. 

[0013] FIG. 4C illustrates an electro-optic bi-directional antenna 
interface according to the present invention that modu- 
lates the continuous-wave optical beam with a local oscil- 
lator signal. 

[0014] FIG. 4D illustrates an electro-optic bi-directional antenna 



interface according to tlie present invention that includes 
a pulsed laser that generates the optical carrier. 

[0015] FIG. 4E illustrates an electro-optic uni-directional antenna 
interface according to the present invention. 

[0016] FIG. 5 illustrates an embodiment of the bi-directional 

electro-optic antenna interface according to the present 
invention that includes a Mach-Zehnder modulator. 

[0017] FIG. 6 illustrates graphs of calculated link noise figure as a 
function of average link photodetector current for a re- 
ceive link including the laser and MZ modulator that are 
described in connection with FIG. 5 and a p-i-n photodi- 
ode detector. 

[0018] FIG. 7A-C illustrates graphs of calculated gain and mini- 
mum (i.e., RIN = 0) noise figure vs. frequency for a link 
consisting of a CW laser, MZ modulator with traveling- 
wave electrodes, and a p-i-n photodiode detector. 
Detailed Description 

[0019] FIG. lA illustrates a general bi-directional signal interface 
100 that is known in the art. The signal interface 100 in- 
cludes an input port 102 that receives a transmission sig- 
nal and an output port 104 that passes a reception signal. 
The signal interface 100 includes a bi-directional port 106 
for transmitting and receiving signals. 



[0020] The signal interface 100 is used to transfer power be- 
tween tlie bi-directional port 106 and transmit and re- 
ceive electronics in a communication system. Known sig- 
nal interfaces are designed to transfer power efficiently 
from a transmission line that is electrically coupled to a 
transmitter to the bi-directional port 106 and also to 
transfer power efficiently from the bi-directional port 106 
to a transmission line that is electrically coupled to a re- 
ceiver. Known signal interfaces are also designed to iso- 
late the receiver from the transmitter in order to achieve 
high transmit-receive signal isolation. 

[0021] FIG. IB illustrates a known bi-directional signal interface 
that includes an electronic circulator 120, such as a ferrite 
circulator. The circulator 120 includes an input port 122 
that receives a transmission signal from a transmitter and 
an output port 124 that passes a reception signal to a re- 
ceiver. The circulator 120 also includes a bi-directional 
port 126 for transmitting and receiving signals. An an- 
tenna 128 is electrically connected to the bi-directional 
port 126. 

[0022] The circulator 120 permits full-duplex operation where 
transmission and reception can occur simultaneously in 
time. A circulator is a three port non-reciprocal electronic 



device that is well known in the art. Signals coupled into 
one port of the circulator are directed to a subsequent 
port, but not vice versa. In operation, a transmission sig- 
nal from a transmitter propagates into the input port 122 
of the circulator 120 and is directed to the bi-directional 
port 126, which is electrically coupled to the antenna 128. 
A signal received from the antenna 128 propagates into 
the bi-directional port 126 and is directed to the output 
port 124 that is connected to a receiver. 

[0023] In theory, the entire transmitted signal propagating into 
the input port 122 is directed to the bi-directional port 
126, which is coupled to the antenna 128; and the entire 
received signal propagating into the bi-directional port 
126 is directed to the output port 124 that is coupled to 
the receiver. However, in practice a small portion of the 
transmission signal propagating into the input port 122 
leaks to the output port 124. 

[0024] Circulator- type bi-directional electronic antenna inter- 
faces are often used in conjunction with amplifiers. For 
example, the input port 122 of the circulator 120 can be 
coupled to a transmit driver amplifier that is used increase 
the amplitude of the transmission signal. The output port 
124 of the circulator 120 can be coupled to a low noise 



amplifier (LNA) that is used to amplify the received signal. 
[0025] The circulator 120 provides inadequate isolation between 
the transmitter and the receiver for many applications. 
Receiver-transmitter isolation is necessary because a typi- 
cal transmission power level can be 1.0-10 W and typical 
LNAs can be damaged by input powers ranging from 1-10 
mW (depending on the size and bandwidth of the LNA). 
Thus, a minimum of 30 dB of receive-transmit isolation is 
typically required. For many applications the receive- 
transmit isolation should be greater than 100 dB. Com- 
mercially available electronic circulators provide isolation 
of about 14 dB at frequencies up to 10 GHz, but only over 
fractional bandwidths of 3:1 or less. However, the magni- 
tude of the isolation decreases as the fractional bandwidth 
increases. Consequently, input power limiting devices, 
such as diodes, are sometimes used to protect the sensi- 
tive LNA from damage. Furthermore, such wideband cir- 
culators typically have a significant loss that can be on or- 
der of 1 dB. This loss adds to the minimum receiver noise 
figure and cannot be recovered by subsequent stages of 
amplification. 

[0026] Receiver-transmitter isolation is also necessary to perform 
simultaneously transmission and reception at the same or 



different frequencies. Poor receiver-transmitter isolation 
can result in some "leaking "or "bleed-through," where 
transmission signals propagate in receiver channels. 
Bleed-through of a stronger transmit signal can prevent 
the receiver from detecting the weaker desired receive 
signal. 

[0027] In addition, circulators are relatively large and heavy de- 
vices because they include permanent magnets that are 
required to induce the non-reciprocal performance in the 
circulator material. The size and weight of the circulators 
is undesirable for many applications, such as phased array 
antenna applications and space-based and airborne appli- 
cations. 

[0028] FIG. IC illustrates a known bi-directional signal interface 
that includes an electronic switch 140. The switch 140 in- 
cludes an input port 142 that receives a transmission sig- 
nal from a transmitter and an output port 144 that passes 
a reception signal to a receiver. The switch 140 also in- 
cludes a bi-directional port 146 for transmitting and re- 
ceiving signals. An antenna 148 is electrically connected 
to the bi-directional port 146. 

[0029] The switch 140 performs half-duplex operation where it 
can receive a reception signal or transmit a transmission 



signal, but can not simultaneously receive a reception sig- 
nal and transmit a transmission signal. Simultaneous 
transmission and reception is not possible because the 
transmission and the received signal cannot overlap in 
time. The isolation of the input port 142 and the output 
port 144 of the switch 140 is generally 40 dB, which is 
greater than the isolation of the input port 122 and the 
output port 124 of the circulator 120 (FIG. IB). 

[0030] Other known antenna interfaces use diplexers. However, 
diplexers are narrow-bandwidth devices and the transmit 
and the received signal frequency bands can not overlap 
in frequency. Diplexers also have relatively high loss. Still 
other antenna interfaces use couplers and/or taps, but 
such interfaces have relatively high loss. 

[0031] FIG. 2A illustrates a bi-directional signal interface 200 ac- 
cording to the present invention. The signal interface 200 
includes an input port 202 that receives a transmission 
signal from a transmitter and an output port 204 that 
passes a reception signal to a receiver. The signal inter- 
face 200 also includes a bi-directional port 206 for trans- 
mitting and receiving signals. 

[0032] The signal interface 200 includes a non-reciprocal waveg- 
uide device 210 having a first 212 and a second traveling- 



wave waveguide 214 that are positioned sucli tliat elec- 
tromagnetic fields couple between the first traveling-wave 
waveguide 212 and the second traveling -wave waveguide 
214 in a non-reciprocal manner. The term "non-reciprocal 
manner" is defined herein to mean non-reciprocal cou- 
pling of electromagnetic fields where electromagnetic 
fields strongly coupled in one direction and are substan- 
tially prevented from coupling in another direction. One 
known non-reciprocal device is a ferrite circulator, such 
as the circulator 120 that is described in connection with 
FIG. IB. The signal interface of the present invention uses 
non-reciprocal coupling between two traveling wave 
waveguides to achieve isolation between the input and 
output ports. 

[0033] In one embodiment of the present invention, the non- 
reciprocal waveguide device 210 is an optical modulator. 
Optical modulators can provide continuous non-reciprocal 
coupling. Optical modulators provide good coupling in 
one direction because the electro-optic material has finite 
electro-optic coefficients in one direction and has essen- 
tially no coupling in the other direction because the elec- 
tro-optic material has negligible or zero opto-electronic 
coefficients in the other direction. 



[0034] In another embodiment of the present invention, the non- 
reciprocal waveguide device 210 is an electronic dis- 
tributed amplifier. Distributed amplifiers can provide a 
lumped element approximation to continuous non- 
reciprocal coupling. In this embodiment, a distributed 
amplifier is configured so that it has gain in one direction 
and substantial loss in the other direction. 

[0035] In operation, a signal to be transmitted propagates into 
the input port 202 and is conveyed by a first traveling- 
wave waveguide 212 to the bi-directional port 206 and is 
coupled in a non-reciprocal manner to the second travel- 
ing wave waveguide 214. A signal received by the bi- 
directional port 206 is conveyed in a non-reciprocal man- 
ner from the first traveling -wave waveguide 212 to the 
second traveling-wave waveguide 214 and then to the 
output port 204. Because of the non-reciprocal coupling 
between waveguides 212 and 214, most of the transmit- 
ted signal appears at the bi-directional port 206, while 
very little of the transmitted signal is coupled to the out- 
put port 204. 

[0036] FIG. 2B shows a table 250 that illustrates the electromag- 
netic coupling of the non-reciprocal waveguide device 
210 of FIG. 2A. The table 250 summarizes the various 



connections between ports of the bi-directional signal in- 
terface 200 (FIG. 2A), the desired coupling between the 
various port pairs, and the mechanisms that are responsi- 
ble for achieving the desired coupling. For example, for 
many applications it is desirable to achieve high coupling 
efficiency from the input port 202 to the bi-directional 
port 206, while at the same time achieving an unspecified 
coupling in the opposite direction. The coupling in the re- 
verse direction could be the same as in the forward direc- 
tion between this pair of ports 202, 206. Such perfor- 
mance can be achieved in the bi-directional signal inter- 
face 200 by directly connecting these two ports 202, 206. 
[0037] The table 250 indicates that the bi-directional signal in- 
terface 200 (FIG. 2A) can achieve low coupling efficiency 
from the output port 204 (FIG. 2A) to the bi-directional 
port 206 (FIG. 2A) while simultaneously achieving high 
coupling efficiency from the bi-directional port 206 to the 
output port 204. The table 250 also indicates that the bi- 
directional signal interface 200 can achieve low coupling 
efficiency between the input port 202 and the output port 
204 in either direction. The bi-directional signal interface 
200 can achieve these results because of the non- 
reciprocal manner in which the two traveling waveguides 



212, 214 couple. 

[0038] FIG. 3A Illustrates one embodiment of an electronic bi- 
directional antenna interface 300 according to the present 
invention. The antenna interface 300 includes an input 
port 302 that receives a transmission signal from a trans- 
mitter and an output port 304 that passes a reception sig- 
nal to a receiver. The antenna interface 300 also includes 
a bi-directional port 306 for transmitting and receiving 
signals. An antenna 308 is electrically connected to the 
bi-directional port 306. 

[0039] In addition, the antenna interface 300 includes a travel- 
ing-wave amplifier 310. The traveling-wave amplifier 310 
has a first 312 and a second traveling -wave waveguide 
314 that are electrically coupled in a non-reciprocal man- 
ner by means of a plurality of relatively low-gain amplifier 
stages 316. The outputs of successive low-gain amplifier 
stages 316 in the traveling wave amplifier 310 are con- 
nected together by feeding taps placed along the second 
traveling -wave waveguide 314. 

[0040] The input port 302 is electrically connected to the input 
318 of the first traveling-wave waveguide 312. The bi- 
directional port 306 is electrically connected to an output 
320 of the second traveling -wave waveguide 314. The 



output port 304 is electrically connected to the input 322 
of the second traveling-wave waveguide 314. The output 
324 of the first traveling-wave waveguide 312 is termi- 
nated by its characteristic impedance. 

[0041] Traveling -wave amplifiers are well known in the art and 
are often used to provide high-gain amplification over a 
wide-bandwidth (e.g., 1-20 GHz). The traveling -wave am- 
plifier 310 provides high-gain amplification in one direc- 
tion by non-reciprocally coupling signals between the first 
312 and the second traveling -wave waveguide 314 with 
the plurality of low-gain amplifier stages 316. 

[0042] In operation, as a transmission signal travels along the 
first traveling -wave waveguide 312, a portion of the en- 
ergy in the transmission signal is tapped off and fed into 
the low-gain amplifier stages 316 so as to produce an 
amplified output signal. Half of the transmit power, how- 
ever, is transferred to the output port 304 because the 
outputs of the individual low-gain amplifier stages 316 
generate signals that travel in both directions along the 
second traveling-wave waveguide 314. It may be neces- 
sary to block some of the transmission signal from the 
output port 304 in some applications, such as when the 
receive device is an LNA and high transmit powers are 



used. 

[0043] FIG. 3B illustrates another embodiment of an electronic 
bi-directional antenna interface 350 according to the 
present invention. The antenna interface 350 is similar to 
the antenna interface 300 of FIG. 3A. However, in the an- 
tenna interface 350, the distributed amplifier 316 is con- 
figured differently. In the interface 350, the input port 
302 is electrically connected to output 324 of the first 
traveling -wave waveguide 312. The antenna 308 is con- 
nected to the input 318 of the first traveling- wave waveg- 
uide 312. The output port 304 is electrically connected to 
the output 320 of the second traveling -wave waveguide 
314. 

[0044] In full duplex operation, the reception signal propagates 
through the traveling wave amplifier 310 where it is am- 
plified. The transmission signal is fed "backwards" along 
the first traveling-wave waveguide 312 to the antenna 
308. The transmit power appears at the input of each of 
the low-gain amplifier stages 316 so some input protec- 
tion may be required. Half-duplex operation can be 
achieved by switching the power to the distributed ampli- 
fier 316. 

[0045] The electronic bi-directional antenna interface 350 de- 



scribed in connection with FIG. 3B can provide a relatively 
low noise figure because the receive signal at the bi- 
directional port 306 feeds the input to the distributed am- 
plifier 310. However, the bandwidth of the electronic bi- 
directional antenna interfaces 300, 350 is less than the 
bandwidth of photonic devices. For applications that re- 
quire an extremely broad bandwidth bi-directional signal 
interface, such as those applications with fractional band- 
widths on the order of 100:1, a photonic embodiment of 
the bi-directional signal interface can be used. 
[0046] FIG. 4A illustrates an electro-optic bi-directional antenna 
interface 400 according to the present invention that pro- 
vides full-duplex operation. The antenna interface 400 in- 
cludes an optical input port 402, a RF input port 404, a RF 
bi-directional port 406, and an optical output port 408. 
An antenna 410 is electrically coupled to the RF bi- 
directional port 406. An output of a photodetector 412, 
such as a photodiode, is electrically coupled to the RF in- 
put port 404. 

[0047] The antenna interface 400 also includes an electro-optic 
modulator 414 having an optical waveguide 416 and an 
electrical waveguide 418 that is positioned in electro-op- 
tic communication with the optical waveguide 416. The 



term "electro-optic communication" is defined lierein to 
mean coupling between the RF and the optical fields via 
the electro-optic coefficient of the optical waveguide ma- 
terial. Electro-optic communication occurs when the RF 
field changes the optical index of refraction via the elec- 
tro-optic (e-o) coefficient. 

[0048] One end of the optical waveguide 416 is optically coupled 
to a continuous-wave (CW) laser 420 that generates a CW 
optical beam. The other end of the optical waveguide 416 
is optically coupled to the optical output port 408. One 
end of the electrical waveguide 418 is electrically coupled 
to the RF input port 404. The other end of the electrical 
waveguide 418 is electrically coupled to the RF bi- 
directional port 406. 

[0049] In operation, a reception signal is received by the antenna 
410 and then propagates through the RF bi-directional 
port 406 and into the electrical waveguide 418. The re- 
ception signal is then coupled to the CW optical beam 
propagating in the optical waveguide 416 in a non- 
reciprocal manner with respect to the transmission signal 
that propagates in the TW electrode structure 418. The 
modulated CW optical beam propagates through the opti- 
cal output port 408. 



[0050] The non-reciprocal coupling between two waveguides that 
was discussed in connection witli tlie bi-directional signal 
interface 200 can be enhanced by introducing a second 
electro-magnetic wave that propagates through the sec- 
ond traveling wave waveguide. Efficient coupling between 
the electrical waveguide 418 and the optical waveguide 
414 can be achieved when the propagation velocities in 
the two waveguides are matched, which is the so-called 
velocity match condition. This is the case when the recep- 
tion signal on the electrical traveling wave waveguide 418 
is co-propagating with the optical wave in waveguide 414. 
Conversely there will be inefficient coupling between the 
two waveguides when the propagation velocities are mis- 
matched. An extreme case of propagation velocity mis- 
match occurs when the signal on the electrical traveling 
wave waveguide 418 is propagating in the opposite direc- 
tion to the propagation direction of the optical wave 
waveguide 414. This is the case when the transmission 
signal on the electrical traveling wave waveguide 418 is 
counter-propagating with the optical wave in waveguide 
414 

[0051] A RF transmission signal, which is modulated onto an op- 
tical carrier, propagates into the photodetector 412 where 



it is converted bacl< to a RF transmission signal. The RF 
transmission signal propagates into the electrical waveg- 
uide 418 and then through the RF bi-directional port 406 
to the antenna 410 where it is radiated by the antenna 
410. The electro-optic bi-directional antenna interface 
400 can provide full-duplex operation since it can receive 
the reception signal and transmit the transmission signal 
simultaneously in time. 

[0052] Full-duplex operation is achieved because the antenna in- 
terface is a linear network and, thus fields are being su- 
perimposed in a linear network. Therefore, the response 
of the antenna interface 400 to multiple stimulations is 
equivalent to the sum of the responses of the antenna in- 
terface 400 to each stimulation applied individually with 
all the other stimulations equal to zero. For example, the 
electrical waveguide 418 only sees the output impedance 
of the antenna as the termination load when the transmis- 
sion signal is propagating and the reception signal is 
equal to zero. Also, the electrical waveguide 418 only sees 
the output impedance of the transmit driver as the termi- 
nation load when the reception signal is propagating and 
the transmission signal is equal to zero. 

[0053] FIG. 4B illustrates an electro-optic bi-directional antenna 



interface 430 according to tlie present invention tliat pro- 
vides lialf-duplex operation with relatively high transmit- 
receive port isolation. The antenna interface 430 is similar 
to the antenna interface 400 of FIG. 4A. However, the an- 
tenna interface 430 includes an optical switch 432 that is 
optically coupled between the CW laser 420 and the and 
the optical input port 402. 

[0054] jhe operation of the antenna interface 430 is similar to 
the operation of the antenna interface 400 of FIG. 4A. 
However, the optical switch 432 is opened during trans- 
mission to extinguish the CW optical beam in order to 
prevent signals from appearing at the optical output port 
408 during transmission. Extinguishing the CW optical 
beam during transmission increases the transmit-receive 
port isolation. In other embodiments, the electrical or op- 
tical pump that stimulates optical emissions in the CW 
laser 420 is controlled to extinguish the CW optical beam. 
In yet other embodiments, the electro-optic modulator 
414 is controlled to minimize the power at the output port 
408 of the interface. 

[0055] FIG. 4C illustrates an electro-optic bi-directional antenna 
interface 440 according to the present invention that 
modulates the CW optical beam with a local oscillator. The 



antenna interface 440 is similar to the antenna interface 
400 of FIG. 4A. However, the antenna interface 440 in- 
cludes an electro-optic modulator 442 that is optically 
coupled between the output of the CW laser 420 and the 
optical input port 402. The antenna interface 440 also in- 
cludes a local oscillator 444 having an output that is elec- 
trically connected to an RF input of the electro-optic 
modulator 442. 

[0056] The operation of the antenna interface 440 is also similar 
to the operation of the antenna interface 400 of FIG. 4A. 
However, the electro-optic modulator 442 in the antenna 
interface 440 modulates the CW optical beam with a sin- 
gle frequency local oscillator signal. The electro-optic 
modulator 414 modulates the reception signal onto the 
CW optical beam that is modulated by the single fre- 
quency local oscillator signal. The resulting optical signal 
at the output port 408 is the reception signal received at 
the bi-directional port 406 translated in frequency by the 
frequency of the signal generated by the local oscillator 
444 and modulated onto the CW optical beam. 

[0057] FIG. 4D illustrates an electro-optic bi-directional antenna 
interface 450 according to the present invention that in- 
cludes a pulsed laser 452 that generates the optical car- 



rier. The antenna interface 450 is similar to tlie antenna 
interface 400 of FIG. 4A. However, the antenna interface 
450 includes the pulsed laser 452 that generates a pulsed 
optical beam. 

[0058] The operation of the antenna interface 450 is also similar 
to the operation of the antenna interface 400 of FIG. 4A. 
However, the reception signal modulates the pulsed opti- 
cal beam that is generated by the pulsed laser 452. When 
the pulsed optical beam is acted upon by the reception 
signal that propagates into the bi-directional port 406 
from the antenna 410, a periodically sampled version of 
the reception signal is generated at the optical output port 
408. 

[0059] The electro-optic bi-directional antenna interfaces shown 
in FIGS. 4A-D can be configured as a transceiver that 
transmits and receives data. A transceiver according to the 
present invention includes an optical data source 454 that 
is optically coupled to the optical input of the photodetec- 
tor 412. The optical data source 454 generates the data 
for transmission by the transceiver. The transceiver also 
includes a demodulator 456 that is optically coupled to 
the optical output port 408. For example, the demodula- 
tor 456 can include a photodetector that converts the op- 



tical signal to a RF reception signal and an electronic de- 
modulator that demodulates the RF reception signal. 

[0060] FIG. 4E illustrates an electro-optic uni-directional signal 
interface 460 according to the present invention. The sig- 
nal interface 460 is similar to the antenna interface 400 of 
FIG. 4A. However, the signal interface 460 includes an 
uni-directional port 462 that is designed to only receive 
the reception signal and not to transmit a transmission 
signal. In addition, the RF electrical input port 404 is ter- 
minated by an impedance 464, such as the characteristic 
impedance of the electrical waveguide 418. 

[0061] The operation of the signal interface 460 is also similar to 
the operation of the antenna interface 400 of FIG. 4A. 
However, the reception signal path is effectively isolated 
from any noise generated by the termination impedance 
464 over a range of operating frequencies in the same 
manner as the transmission signal is isolated from the re- 
ception signal in the antenna interface 400. Minimizing 
noise at the optical output 408 improves the signal- 
to-noise ratio of receiver connected to the signal interface 
460. 

[0062] Minimizing noise at the optical output 408 is important 

for electro-optic embodiments of the bi-directional signal 



interface according to the present invention because tliese 
interfaces cannot include a LNA between tlie antenna and 
RF bi-directional port. A LNA cannot be used because the 
transmission signal also travels along the signal path be- 
tween the antenna and the RF bi-directional port. Conse- 
quently, for many applications of the signal interface of 
the present invention, it is desirable to achieve a low noise 
figure without using a conventional electronic LNA. 
[0063] To achieve a minimum noise figure in many practical 
communication systems without using a LNA requires 
minimizing the sources of noise in a link, such as the 
laser RIN. In addition, the modulator must have a low 
enough switching voltage to be sufficiently sensitive. 
Modulators with the required sensitivity and bandwidth 
are presently being developed. For example, a Mach- 
Zehnder modulator with a V of < 0.3 V is being devel- 

TT 

oped by the assignee of the present application. A fiber- 
optic link with a 5 dB noise figure over a bandwidth of 50 
GHz can be achieved when such a modulator is combined 
with a low noise laser. 
[0064] FIG. 5 illustrates an embodiment of the bi-directional 
electro-optic antenna interface 500 according to the 
present invention that includes a Mach-Zehnder (MZ) in- 



terferometric modulator 502. The antenna interface 500 
includes an optical input port 504, an optical transmission 
signal input port 506, a RF bi-directional port 508, and an 
optical output port 510. An antenna 512 is electrically 
coupled to the RF bi-directional port 508. The optical 
transmission signal input port 506 is optically connected 
to an input of a photodetector 514, such as a photodiode. 
An output of the photodetector 514 is electrically con- 
nected to an input 515 of a driver amplifier 516. In some 
embodiments, a RF transmission signal is fed directly to 
the input 515 of the driver amplifier 516 as shown in FIG. 
5 by a dotted line. A CW laser 518 is optically coupled to 
the optical input port 504. 
[0065] The MZ modulator 502 has an optical input that is opti- 
cally coupled to the optical input port 504 and has an op- 
tical output that is optically coupled to the optical output 
port 510. The MZ modulator 502 includes a traveling wave 
(TW) electrode structure 518 and optical waveguides 520. 
The output of the driver amplifier 5 16 is electrically con- 
nected to the TW electrode structure 518. The output 
impedance of the driver amplifier 516 terminates one end 
of the TW electrode structure 518. The impedance of the 
antenna 512 terminates the other end of the TW electrode 



structure 518. In one embodiment, the TW electrode 
structure 518 of the MZ modulator 502 is designed to ve- 
locity match the reception signal with the optical field in 
the CW optical beam. Velocity matching can improve the 
sensitivity of the MZ modulator while maintaining the 
bandwidth of the MZ modulator 502. 

[0066] In one embodiment, the TW electrode structure 518 of the 
MZ modulator 502 is relatively thick. In this embodiment, 
the thickness of the TW electrode structure 518 is chosen 
to be sufficient to transmit signals amplified by the driver 
amplifier 516 without excessive heating or electrical loss. 
In one embodiment, the thickness of the TW electrode 
structure 518 is chosen to achieve a low switching voltage 
and hence a low link noise figure. In one embodiment, the 
electrode structure is chosen to provide relatively cool op- 
eration with relatively low loss at modest transmission 
powers (e.g. less than lOWatts). Such an antenna interface 
is sufficient for the individual antenna elements of a typi- 
cal phased array. 

[0067] In operation, a reception signal is received by the antenna 
512 and then propagates through the RF bi-directional 
port 508 and into the TW electrode structure 518. The re- 
ception signal is then coupled to the CW optical beam 



propagating in tlie MZ modulator optical waveguides 520 
in a non-reciprocal manner. The reception signal is mod- 
ulated on the CW optical beam. The modulated CW optical 
beam then propagates through the optical output port 
510. 

[0068] An optical transmission signal propagating in an optical 
fiber, waveguide, or free space is received by the optical 
transmission signal input port 506 and is then fed to the 
input of the photodetector 514. The photodetector 514 
generates a RF transmission signal. The driver amplifier 
516 amplifies the RF transmission signal to a level that is 
suitable for radiation by the antenna 512. The amplified 
transmission signal propagates through the TW electrode 
structure 518 in a direction that is opposite to the velocity 
match direction. Consequently, the transmission signal in 
the antenna interface 500 is relatively inefficient at modu- 
lating the optical wave. However, the reduction in modu- 
lation efficiency increases the transmit-receive isolation of 
the antenna interface 500. 

[0069] The transmit-receive isolation is a function of several pa- 
rameters. The transmit-receive isolation is a function of 
the direction of propagation. For example, the sensitivity 
of the MZ modulator 502 to the electrical signal propagat- 



ing in a direction that is opposite to the optical signal is 
lower than the sensitivity of the MZ modulator 502 to the 
electrical signal propagating in the direction of the optical 
signal. 

[0070] The transmit- receive isolation is also a function of the op- 
tical power of the CW optical signal. In embodiments 
where simultaneous transmission and reception are not 
required, the transmit-receive isolation can be increased 
by reducing the optical power during transmission. For 
example, in the limit where the CW laser 518 is inactive, 
the transmit-receive isolation would be infinite. Thus, by 
pulsing the CW laser 518 on and off, the antenna interface 
500 of the present invention can implement the equiva- 
lent of an ideal (i.e., with infinite isolation in the off mode) 
electronic switch between receive and transmit modes. 

[0071] FIG. 6 illustrates graphs 600 of calculated link noise figure 
as a function of average link photodetector current for a 
receive link including the laser 518 and MZ modulator 502 
that are described in connection with FIG. 5 and a p-i-n 
photodiode detector. The graphs are presented for vari- 
ous values of modulator V and relative intensity noise 

TT 

(RIN) for the laser. 
[0072] The graphs 600 indicate that modulators meeting the re- 



quirement of V < 0.3 Vwill enable links having noise fig- 

TT 

ures that are less than 5 dB when the photodetector con- 
nected to the output of the receive link has a current that 
is > 10 mA and when the laser's relative intensity noise 
(RIN) is sufficiently low. Using such a modulator in the an- 
tenna interface of the present invention would result in a 
low noise figure antenna interface. Thus, the antenna in- 
terface of the present invention can be constructed to 
have a low noise figure without the necessity of a LNA. 
Also, the antenna interface of the present invention does 
not include an electronic circulator, so there is no increase 
in noise figure resulting from an electronic circulator. 

[0073] The antenna interface of the present invention can be 

used to construct a relatively low noise figure communi- 
cation link. There are three dominant sources of noise in a 
communication link using the electro-optic bi-directional 
antenna interface of the present invention. The first 
source of noise is the relative intensity noise (RIN) gener- 
ated by the CW laser 420 (FIG. 4E). The second source of 
noise is noise generated by the termination impedance 
464. The third source of noise is thermal noise generated 
by the electrical transmission line 418. 

[0074] The RIN generated by the CW laser 420 can be reduced to 



negligible levels by selecting a laser with low RIN, such as 
a solid-state laser. At frequencies above the lowest fre- 
quency in the desired bandwidth of the antenna interface, 
the noise generated by the termination impedance 464 is 
insignificant because the noise is ineffective at modulating 
the optical carrier. Ineffective modulation occurs because 
the noise generated by the termination impedance propa- 
gates in the un-matched direction (i.e. propagating in a 
direction that is opposite to the velocity matched direc- 
tion). The thermal noise generated by the ohmic loss in 
the traveling wave electrodes is integrated along the 
length of the electrodes. 
[0075] Broadband low noise amplifiers with noise figures that are 
less than 2 dB are commercially available. Passive fiber 
optic links (i.e., links without active electronic or optical 
amplifiers) typically have relatively high noise figures, 
which can be on the order of 20 to 30 dB for wide- 
bandwidth links. The noise figure limit for a passive opti- 
cal link (i.e. a link without a LNA) is equal to 3 dB if the 
impedance of the modulator's lumped element electrode 
is properly matched to the input impedance. See, for ex- 
ample, C. Cox, et al., "Relationship Between Gain and 
Noise Figure of an Optical Analog Link," IEEE MTT-S Int. Mi- 



crowave Symp. Dig., San Francisco, California, pp. 
1551-1554,June 1996. 
[0076] Noise figure reduction tecliniques can be used to reduce 
tlie noise figure below 3 dB in a passive optical link. For 
example, an impedance mismatch between a source and 
the input to a lumped-element electrode structure of the 
modulator can be used to reduce the noise figure. See, for 
example, E. Ackerman, et al., "Input Impedance Condi- 
tions for Minimizing the Noise Figure of an Analog Optical 
l\nk" IEEE MTT-S Int. Microwave Symp. Dig., Denver, Col- 
orado, pp. 237-240, June 1997. A record noise figure of 
2.5 dB was achieved using the technique described in this 
paper. 

[0077] Impedance mismatch techniques, however, have some 

limitations. For example, impedance mismatch techniques 
are inherently low-frequency and/or narrow-bandwidth 
techniques. Furthermore, the impedance mismatch intro- 
duced into the system can have undesirable side effects. 
For example, an impedance mismatch can cause degrada- 
tion of the antenna pattern. 

[0078] The minimum achievable noise figure, which is the noise 
figure that can be achieved when the link gain is suffi- 
ciently high and the laser RIN is sufficiently low, for a link 



with a traveling -wave modulator can be written as follows: 



,where xcan be expressed as: 
[0079] The 

[sin{j:} / x] 

term represents the effects of the counter-propagating 
noise generated by the termination impedance. The re- 
maining term represents the effect of thermal noise gen- 
erated by the electrode's ohmic losses that result in some 
microwave attenuation per unit length o. 
[0080] FIG. 7A-C illustrate graphs 700 of calculated gain and 

minimum (i.e., RIN = 0) noise figure data vs. frequency for 
a link consisting of a CW laser, MZ modulator with travel- 
ing-wave electrodes, and a p-i-n photodiode detector. 
The data assumes values of V and average photodetector 

TT 

current that cause the link gain to be equal to 30 dB at a 
frequency of 100 MHz. Calculated results are shown in the 
graphs 700 for two values of electrode length. Data for a 



two centimeter electrode is represented by dotted lines 
and data for a four centimeter electrode length is repre- 
sented by dashed lines. The value of a is assumed to be 
^ 1 

equal to 0.0015 GHz" cm" for all graphs. The graph 702 

-1/2 -1 

presents data for a equal to 0 GHz cm . The graph 

-1/2 -1 

704 presents data for a^=0.010 GHz cm . The graph 
706 presents data for a^=0.043 GHz"^^^cm"\ 

[0081] The graphs 702, 704, and 706 indicate that it is possible 
to break the 3 dB noise figure limit for a passively 
matched optical link over a relatively broad bandwidth. In- 
tuitively, the reason for this result is that the same effects 
that are providing the transmit-receive isolation are also 
providing isolation from the noise generated by the termi- 
nation impedance 464 at the end of the electrical waveg- 
uide 418 (FIG. 4E). The noise generated by the termination 
impedance 464 typically is responsible for causing the 3 
dB noise figure limit. Therefore, eliminating (or at least 
significantly reducing) the noise generated by the termi- 
nation impedance 464 permits one to achieve a link noise 
figure of less than 3 dB. 

[0082] The electro-optic signal and antenna interface of the 

present invention has numerous important features. For 
example, the antenna interface of the present invention 



does not include a LNA. Eliminating the LNA results in a 
significantly simpler antenna interface and eliminates 
possible amplifier damage that can be caused by high 
transmission power. Also, the electro-optic antenna inter- 
face of the present invention does not include an elec- 
tronic circulator. Eliminating the electronic circulator re- 
duces the weight of the interface and can increase the 
transmit-receive isolation and/or the operating band- 
width. 

[0083] Furthermore, the electro-optic antenna interface of the 

present invention can be designed to provide narrowband 
or wideband operation. Also, the electro-optic antenna 
interface of the present invention can provide a receiver 
antenna interface with a relatively low noise figure and 
can provide a transmitter interface with a moderate power 
level. Furthermore, the electro-optic antenna interface of 
the present invention has relatively low loss and high 
transmit-receive isolation. 

[0084] The signal and antenna interface of the present invention 
has numerous other features. For example, the signal and 
antenna interface of the present invention is inherently 
wideband as described herein and the bandwidth can be 
extended to relatively high frequencies. The signal and 



antenna interface of the present invention is also relatively 
small in size and light in weight as described herein. For 
example, the only components that need to be physically 
mounted on the antenna element are the modulator 502 
and the transmit driver 516. A power amplifier can be in- 
cluded if higher transmit powers are required. The CW 
laser 518 can be positioned in a remote location and can 
be coupled to the antenna interface via an optical fiber. 
The conventional electronic feed into the antenna inter- 
face can be eliminated completely if the transmission sig- 
nal to the antenna interface is coupled via an optical fiber. 
[0085] The antenna interface of the present invention has nu- 
merous applications. For example, the antenna interface 
of the present invention can be used for thin aperture an- 
tennas for conformal antenna arrays. Also, the antenna 
interface of the present invention is particularly suitable 
for airborne and spaceborne platforms because it is rela- 
tively small in size and light in weight. For example, the 
weight of a transmit-receive module including the an- 
tenna interface of the present invention can be less than 
10 percent of the weight of a conventional transmit/re- 
ceive module. 
Equivalents 



[0086] While the invention has been particularly shown and de- 
scribed with reference to specific preferred embodiments, 
it should be understood by those skilled in the art that 
various changes in form and detail may be made therein 
without departing from the spirit and scope of the inven- 
tion as defined herein. 

[0087] We claim: 



